Do Macrophage Innate Immune Receptors Enhance Atherogenesis?  by Gordon, Siamon
Developmental Cell
666
necessary and sufficient (in this context) for dorsal rim far-fetched now, surprising similarities in the molecular
mechanisms of eye development have been found be-fate. Thus, homothorax is acting as a homeotic “selector
gene” to execute the fate switch from color-detecting fore (Neumann and Nu¨sslein-Volhard, 2000; Quiring et
al., 1994).pale and yellow facets, to polarized light-detecting dor-
sal rim.
Interestingly, both groups find that the Wingless path-
way is not functioning as expected in this process. Sev- Allison D’Costa and Kevin Moses
eral downstream elements in the pathway appear not Department of Cell Biology
to be required or to act only weakly (the receptors Friz- Emory University School of Medicine
zled and dFz2 and downstream functions Armadillo, 615 Michael Street
Arrow, Disheveled, and Pangolin). This may reflect tech- Room 400
nical limitations (such as perdurance) or may be due to Atlanta, Georgia 30322
a real difference in the topology of the Wingless pathway
in this process compared to other contexts. Indeed, Selected Reading
clear differences have been reported for some elements
of the Wingless pathway in segmentation versus the Bessa, J., Gebelein, B., Pichaud, F., Casares, F., and Mann, R.S.
(2002). Genes Dev. 16, 2415–2427.control of planar polarity (Peifer, 1999). Some unknown
component may act in Wingless signal transduction in Hardie, R.C. (1986). Trends Neurosci. 9, 419–423.
this context. Heberlein, U., and Moses, K. (1995). Cell 81, 987–990.
In summary, these two papers show that during pupal
Neumann, C.J., and Nu¨sslein-Volhard, C. (2000). Science 289, 2137–
development, the dorsal rim of the fly retina becomes 2139.
specialized by a graded Wingless signal that requires
Peifer, M. (1999). Nature 400, 213–215.
the Iro-C factors to target Homothorax (Tomlinson, 2003;
Quiring, R., Walldorf, U., Kloter, U., and Gehring, W.J. (1994). ScienceWernet et al., 2003). This is just the latest of several
265, 785–789.
functions for Wingless signaling in the developing fly eye
Reifegerste, R., and Moses, K. (1999). Bioessays 21, 275–285.and illustrates just how much exquisite developmental
Royet, J., and Finkelstein, R. (1996). Development 122, 1849–1858.control can be exerted by the very few available signal
Tomlinson, A. (2003). Dev. Cell 5, this issue, 799–809.transduction pathways. It will be interesting to learn
whether the regional specialization of the vertebrate ret- Wernet, M.F., Labhart, T., Baumann, F., Mazzoni, E.O., Pichaud, F.,
and Desplan, C. (2003). Cell 115, 267–279.ina is controlled by similar means. While this might seem
scriptional regulators in liver as well as macrophages,Do Macrophage Innate Immune
promotes synthesis of ABCA1 and other transporters,Receptors Enhance Atherogenesis? which reduce intracellular levels of cholesterol and thus
protect against atherosclerosis (Tangirala et al., 2002).
Macrophages play a primary role in host defense
against infection, utilizing a range of receptors to recog-Macrophages play a central role in both innate immu-
nize microbes by opsonic (antibody and complement)nity to infection and atherosclerosis. Castrillo and col-
as well as direct interactions (Gordon, 2002). Binding ofleagues report that selected microbial agonists for
targets via so-called pattern recognition receptors (PRR)Toll-like receptors strongly inhibit LXR-mediated cho-
results in phagocytosis and killing. Macrophages ex-lesterol efflux from macrophages. TLR-LXR crosstalk
press a broad repertoire of PRR (e.g., scavenger andcould explain how nonspecific microbial infections
lectin-like), which recognize conserved structures onpromote atherogenesis.
microbes and apoptotic host cells, inducing pro- or anti-
inflammatory secretory responses, respectively. It is notThe accumulation of cholesterol-rich lipoproteins in the
clear how these different responses are regulated, butarterial wall results in recruitment of blood monocytes
the toll-like receptor (TLR) family of transmembrane mol-and their differentiation into lipid-laden foam cells, which
ecules plays a key role in signal transduction to infection,drive the disease process of atherosclerosis (for a re-
inducing expression of genes encoding inflammatoryview, see Glass and Witztum, 2001). Arterial obstruction
and other intracellular and secretory products (Bartoncomplicated by thrombosis and local plaque hemor-
and Medzhitov, 2003). Adaptor proteins such as MyD88rhage and rupture account for heart attacks and strokes,
link a range of TLRs, which discriminate among a num-a major cause of death, especially in developed coun-
ber of microbial and other ligands, to NF-B and inter-tries. The amount of lipid retained in macrophages de-
feron-regulated pathways of gene transcription.pends on the unregulated uptake of oxidized lipopro-
It has become commonplace to regard atherosclero-teins by scavenger receptors (SR), as first identified by
sis as a modified form of chronic inflammation, inducedBrown and Goldstein (1983), counterbalanced by degra-
by oxidized lipoproteins. Retrospective and prospectivedation and cholesterol efflux. Induction by oxysterols
and synthetic agonists of liver X receptors (LXR), tran- studies of surrogate markers of inflammation in humans
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Figure 1. Crosstalk between TLR and LXR
(A) Selected TLR agonists inhibit LXR-activated genes, blocking cholesterol efflux (Castrillo et al., 2003).
(B) LXR agonist inhibits LPS-TLR4 activation of NF-B target genes, including inflammatory cytokines (Joseph et al., 2003).
have shown that a range of different infectious agents responses depends on interactions with CD14, a GPI-
linked receptor for LPS binding protein, as well as MD2,including Chlamydia pneumoniae and cytomegalovirus
may be associated with accelerated atherosclerosis, but a membrane cofactor. In the present case, the crosstalk
between TLR and LXR is downstream in the signalingno direct link between microbial infection and lipid accu-
mulation in macrophages had been previously defined and nuclear transcription pathways.
Does this study provide evidence for the hypothesis(Pepys and Hirschfield, 2003). In a report in the October
issue of Molecular Cell, Castrillo and colleagues (Cas- that microbial infections contribute directly to athero-
genesis? The models employed here are by necessitytrillo et al., 2003) have demonstrated that selected TLRs
can inhibit LXR function in macrophages by crosstalk, greatly simplified. The nature of the infecting agent need
not be specific in accordance with epidemiologic data.and that this pathway is independent of MyD88 and NF-
B, but dependent on another transcription factor, IRF3, It would be relatively straightforward to test the hypothe-
sis that defined pathogens modulate atherogenesis inimplicated in the interferon response. A potent TLR3
agonist, poly I:C and a TLR4 agonist, lipid A, selectively IRF-3 knockout mice. There is now a wealth of murine
models of atherosclerosis available, such as in Apolipo-inhibit synthesis of ABCAI and other cholesterol efflux
mediators, when macrophages are stimulated with syn- protein E-deficient mice, or by placing animals on a
high-fat, so-called Western-type diet.thetic LXR agonists (Figure 1A). The PPAR family of
nuclear receptors is apparently not involved. Studies One possibility, still plausible, is that infection of per-
haps incapacitated foamy macrophages is a secondarywith intact organisms in vitro (E. coli and Influenza) and
with LXR agonists in vivo confirm the potential for LXR- event. Indeed, the authors have previously shown (Jo-
seph et al., 2003) that LXR stimulation is also able toTLR interactions to regulate cholesterol efflux proteins
in aorta and spleen. downregulate LPS-induced TLR4 pathways by a distinct
mechanism, which is NF-B-dependent and results inThese experiments are clear and convincing, but leave
open many questions. A link between lipid homeostasis inhibition of inflammatory cytokine production (Figure
1B). Which of these competing pathways linking innateand innate immunity is not surprising. The SR-A, one of
the macrophage receptors for uptake of oxidized LDL immunity and lipid agonists predominates?
Perhaps we should consider another scenario. Thealluded to above, plays a major role in microbial uptake
in the absence of opsonins (Gordon, 2002). The potent lipid ligands involved in foam cell formation are complex
(as are the microbial ligands) and may engage multiplepro-inflammatory cytokine TNF was termed cachectin
when first isolated by Cerami and colleagues and influ- macrophage PRR, including various scavenger recep-
tors. Several TLR ligands are lipid in nature and it isences lipid metabolism profoundly (Tracey and Cerami,
1994). Clearly, energy stores in fat are required for host possible that oxidized LDL (or an intermediate or later
product of oxidative modification of LDL) could alsodefense. Cholesterol itself plays a vital role in membrane
structure and function. serve as a TLR stimulus. The apparent distinction be-
tween exogenous and endogenous host ligands for mac-There is also a precedent for TLR interactions with
other macrophage receptors. Uptake of fungal particles rophage PRR does not hold true in the case of many of
the receptors, which are able to interact with both typesby macrophages depends on collaboration between a
lectin-like recognition receptor for -glucan structures of ligand (Gordon, 2002). While this has not been con-
vincingly demonstrated for TLR, it cannot be excludedand selected TLRs (Brown et al., 2003). Indeed, the pro-
totypical TLR4 role in lipopolysaccharide (LPS)-induced that selected TLR are also implicated in oxidized LDL
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modulates the transcriptional activity of a number ofNotch Signaling: A Rheostat
genes.Regulating Oligodendrocyte Hu et al. (2003) provide evidence that contactin, also
Differentiation? known as F3, has the potential to act as a functional
ligand for the Notch receptor. Contactin is a GPI-linked
cell adhesion molecule that is a member of the immu-
noglobin gene superfamily. Contactin is expressed by
neurons, where on myelinated axons it associates withRecent studies suggest that Notch signaling provides
Caspr/paranodin at the paranodal domain, a site of closeboth instructive and inhibitory cues for oligodendro-
axoglial contact (Salzer, 2003). Hu et al. demonstrateglial differentiation, depending on the developmental
that the adherence of the Notch-expressing OLN-93stage and the stimulatory ligand. In the October 17
oligodendroglial cell line to a contactin substrate isissue of Cell, Hu et al. present the axonal cell adhesion
blocked by antibodies to contactin or Notch. Further-molecule contactin as a functional Notch ligand, and
more, immunoprecipitation experiments indicate thatsuggest interesting potential roles for axoglial interac-
Notch and contactin form complexes in vivo. They alsotions in regulating oligodendroglial maturation.
localize the contactin binding sites to specific portions
of Notch’s extracellular domain. Importantly, contactinThe formation of myelinating oligodendrocytes from un-
binding is shown to elicit in a concentration-dependentcommitted precursors has been an area of intense
manner the -secretase-mediated nuclear translocationstudy, and the phenotypic properties of developing oli-
of NICD. Notch proteolytic cleavage appears to occurgodendroglia have been well characterized (Miller,
at the same site in response to contactin or Jagged acti-2002). Recently, the signaling events that regulate this
vation.differentiation process have begun to become uncov-
Ben Barres’s group was the first to demonstrate a roleered. Communication with unmyelinated axons clearly
for Notch signaling in oligodendrocyte differentiationplays an important role in regulating oligodendrocyte
(Wang et al., 1998). They showed that developing anddevelopment, although an interesting remaining chal-
mature oligodendrocytes express the Notch1 receptorlenge is to explain the means by which progenitor cells
and that retinal ganglion cell expression of Jagged,migrate through vast regions of potential myelin targets
which is distributed along the axon, decreases develop-prior to their final maturation. Evidence is mounting that
mentally in a manner that correlates with optic nervethe Notch signaling pathway plays a central role at multi-
myelination. Importantly, they also demonstrated thatple steps in the generation of mature, myelinating oligo-
oligodendrocyte precursor cell (OPC) differentiation indendrocytes.
vitro is potently inhibited by Notch signaling, suggestingThe Notch signaling pathway is exploited during de-
that Notch-Jagged interactions play an inhibitory rolevelopment to regulate a multitude of cell fate decisions,
in regulating the timing of CNS myelination. Recently,both instructive and inhibitory. The Notch receptor, as
Genoud et al. (2002) supported this view in vivo usingwell as its classical ligands Jagged and Delta, are trans-
the Cre/lox approach to selectively eliminate Notch sig-membrane glycoproteins, indicating that Notch activa-
naling from OPC cells, which resulted in ectopic andtion requires close cell-cell interactions, making it well
premature oligodendrocyte differentiation. Moreover,suited to respond to axoglial contact. In response to
Givogri et al. (2002) showed that mice heterozygous forligand binding, the Notch receptor is cleaved and the
intracellular domain (NICD) enters the nucleus, where it a null allele of Notch1 (homozygous mutants die before
